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SUMMARY

Approximate equations are derived for the induced power required
and blade loading of a lifting rotor opereting in the power-on vertical-
descent range. The approximate relations, which are based upon certain
assumptions as to the nature of the flow pattern, yield, for the induced
power varistion, results which are in general asgreement with the avail-
able experimental data.

INTRODUCTTION

The induced power required in power-on vertical descent as pre-
dicted by elementeary vortex theory or momentum theory based upon the
assumption that a normal columnar weke extends a large distance below
the rotor does not agree with the available experimentsal results as is
seen from figure 1 (reproduced from ref. 1). Furthermore, the observed
flow patterns sbout a rotor operating in power-on vertical descent are
of a "vortex-ring" or recirculatory type for which it is necessary to
consider the effects of viscosity and the resultant turbulent mixing
in order to explain the existence of a steady thrust force.

Although the power-on vertical-descent flight range has been of
little practical interest in the past on account of the operational
limitations on single-engine helicopters, this flight range may be of
considereble interest in the future if vertical-lending approsaches are
required at certain locations for multiengine helicopters or vertical-
take-off-and-landing aircraft. A better understanding of the mechanics
of the axlally symmetric flows thet occur in vertical descent may also
be of value in that it may furnish some insight for the more compli-
cated flow patterns that occur in Inclined descent.

The present report 1s an attempt to express the relastions between
the rotor thrust loadings and induced velocity distributions for the
vortex-ring or recirculatory flow patterns that exist in power-on
vertical descent in a simple approximate manner that is suitable for
engineering computations.
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This investigation was csrried out at the Georgla Institute of
Technology under the sponsorship end with the financisl assistance of
the National Advisory Committee for Aeronauties.

SYMBOLS
a slope of blade-element 1ift curve
b number of blades in rotor
c blade chord at radius =

local blade profile drag coefficient at radius r

o]

¢y blade-element 1ift coefficient

k slope of & linear variation of rotor disk loading slong rotor
radius i

M! mass flow through rotor

Pc climb power, rate of change of potential energy

Pi induced power reguired -

D static pressure

Po atmospheric pressure - -

Q rotor torgue

R rotor radius

r radius of point on rotor

T rotor thrust

v free-stream velocity or rate of descent

\A local axial induced velocity et radius r

Vo = /20 - - e
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Vi axial velocity at end of wake core
v axial induced velocity at rotor for case of uniform disk
loading
Vo axial induced velocity at hovering for hypothetical rotor
with uniform disk loading, L
2pmR"
W disk loading at radius r
x nondimensional radius, r/R
A distance below rotor
3] blade angle at radius r
p mass density of alr
9] angular velocity of rotor blades
ANATYSTS

Uniform Disk Ioading

Consider the wake of an idealized lifting rotor hovering in &
viscous fluid as sketched in figure 2. Iet the radial distribution of
loading be such as to impart a uniform increase in total pressure to
the fluid passing through the rotor. In analogy with the case of the
flow of a uniform, stationary, free jet as given in reference 2, there
will be a central reglon of the wake located below the cross section
of minimum radius AA', denoted in figure 2 by the region between the
axlis and surface AB, within which the turbulent mixing has not pene-
trated and the flow will be essentiaslly that of a nonviscous f£fluid
having a uniform axial velocity.

The mixing reglon between the sections AB and AC in figure 2 has
slightly divergent streamlines and an axial velocity distribution such
that the velocity decreases with radius from the weke center line and
with distance from the rotor. :

In the case of the stationary free Jet, it 1is remarked in ref-
erence 2 that experimental measurements show the static pressure to be
practically constant in the mixing zone and only very slightly above
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atmospherlic static pressure by the amount of the velocity head of the
radiael velocity at the cuter turbulent mixing boundary AC. It might

reasonably be supposed that a very simliler situation exists with respect

to the uniformity of the static pressure in the mixing region at the
boundary of &a rotor wake for the portion below the cross section of
minimum wake radius AA'.

It is to be noted that there is some surface, dencted by line AD
in figure 2, along which the axial velocity will be constent and some
small part, say equal to V, of the axial vélocity at the rotor dilsk.
The radlal components of veloclty elong such a surface of constant
axlal velocity will be small compared with the axial velocity compo-
nents and willl be directed outward.

Consider now the effect of imposing some small descent velocity,
say equal to the previously chosen value V, on the hovering flow pat-
tern of figure 2. -Wlthin the core of the wake previously enclosed by -
the surface AB the principal effect will be similar to that obtained
by superposition of the veloclity V; theat is, there wlll be a decrease
in the axial velocities and little change in the radial velocities
somewhat-as shown 1n figure 2. It would appear that the rate of
decrease of velocity elong e streamline through the turbulent mixing
region between surfaces AB and AD will now be greater on account of
the path length being shorter, and the previous surface AD, somewhat
altered in position, will now constitute a surface of zero axial veloc-
ity as shown in figure 3. It would consequently follow that, except
for the effect of the very small radial velocity components, surface AD

now constiltutes a surface of constant pressure similar to the surface AC

which existed in the hovering flow and along which, for the case of the
analogous free Jet, the static pressure is practically constant. Since
surface. AD 1n figure 3 contains the free-stream stagnation point D

where the static pressure is very nearly equal to the free- stream total
head, it might reasonably be supposed that the static pressure in the _.
turbulent mixing region between surfaces AB and AD in figure 3 is -
approximately this same value. - . -

As a check on the sbove hypothesis, statlic-pressure surveys were

made through the turbulent mixing region upstream Qf g 12-inch fan oper- _

i d i

ating in the vertical-descent condition in the center of the 4-foot-squere

free jet at the exit of the Georgila Institute of Technology low-
turbulence wind tunnel. The surveys, at three different radii and
free-jet velocltles along lines parallel to the free-Jjet and fan sxes,
were teken with a small pitot tube first directed toward the free .
stream and then toward the fan. The results of the static-pressure
surveys are given in teble I and are shown in figure 4. The test free-
Jet velocities were limited to the speed range given in table I by -

the reversal of rotation of the fan at higher wvelocities and the -extreme
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distortion of the free-jet boundaries at lower jet velocities. The
lower velocity test conditions gave static-pressure peaks in the turbu-
lent mixing region which were below the free-stream total head as would
be expected from a consideration of the lack of constraint on the free-
Jet bounderies.

It can be seen from figure 4 that, within the accuracy of the
present small-scale measurements, the static pressure in the turbulent
mixing region at the end of the primsry wake extending below a rotor
operating at small rates of power-on vertical descent is of the order
of the free~stream total head.

In figure 3 it 1s seen that, although there will be a certain
amount of mixing over the whole of the local flow pattern, the greater
part of the loss in total head in a fluid circult must occur in the
region ABDA which is the only region where there is a large velocity
gradient. For steady-state conditions to exist, the loss in total head
arcund a fluid circuilt must be equal to the change in total head
across the rotor or very nearly equal to the rotor disk loading for the
ideelized rotor under consideration. Similerly, it cen be seen from
figure 3 that the totel head loss along a streamline wlthin the core
of the wake and extending from the rotor to section AB should be very
small on account of the nearly uniform veloclty distributions and
consequent absence of turbulent mixing across these wake cross sections.

Consider now the effect of the small rate of vertical descent V
on the outer boundary of the turbulent mixing region, represented by
section AC in figure 2 for the case of hovering. For the descent case
the outer turbulent-mixing-zone boundary AC 1ln figure 2 will be folded
back on itself, shrink to a line coineciding with the edge of the rotor,
and be replaced by some section indicated by DE in figure 3. The
momentum loss of the free-stream flow and the vorticity shed by the
rotor will be confined within this outer wake boundary DE which, at
large distances egbove the rotor, might be expected to have a diameter
very nearly proportional to the cube root of the distance from the
rotor in analogy with the wake at large distances behind any three-
dimensional body exerting a drag force. There will be some dividing
streamline, represented schematically by DF in figure 3, outside which
the retarded free-stream flow within the outer wske boundary will con-
tinue to flow downstream and within which the fluid will recirculate
through the rotor. For small rates of descent the upper stagnation
point F will be a considerable distance above the rotor in a region
of very low velocity flow and nearly atmospheric static pressure po.

The total head along the axial entering streamline is thus of the order
po. The total heed loss in & circuilt, which is the same for all the

reentrant streamlines since it must be equal to the assumed uniform
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disk loading for steady-state flow, is thus very nearly equal to the
totel head at the end of the weke core at section AB less the total
head on an entering streamline, a value of the order of the ambient
atmospheric pressure Do

Let the velocity at section AB where the statlc pressure is very
nearly equal to the free-stream total head be denoted by Ve Then the

disk loeding T/n:R2 is sbout equal to the total head at section AB
minus the entering totel head Po* Thus

T 1 2 1
z N5V + Epvz . . o (12_
7R -
or
v, ~ —2T2 - v (2)
p= L

It is to be noted that for the greater part of the energy loss L
in a circuit to occur in the high shear region between the section AB!_

where the total head is about Pq + %p(Vw?'+ VE), and section AD, where

the total head is about P, * %pVE plus some small radial veloclty
head, it 1s necessary that

v, 2V (3)

or from equation (2)
veE ()
PR ' -

The requirement that the downwerd-directed wake core velocity V.

at section AB in figure 3 be at least equal in order of megnitude to the

free-stream velocity V cen perhsps be seen more clearly from the
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standpoint of vortex theory. The rate of transport of vorticity down-
ward acrose some horizontal plane, ssy YY in figure 3, between sec-
tions AB and AD must be at least equal to the subsequent rate of
transport of the same vorticity upward across YY between sections AD
and DE for the presently assumed steady-state viscous flow. If the
respective layers of vorticity are considered to compose diffuse vortex
sheets, the vertical rates of transport of vorticity are equal to one-
half the square of the respective vertical components of sheet strength
or difference in vertical component of velocity across the sheets since
the axial velocity component on the dividing section AD is zero by
déefinition. If, as a first epproximation, the effects of radial induced
velocity components are neglected, the vertical velocity difference
across the outer waske vortex sheet between sections AD and DE is equal
to the free-stream velocity V, and thus the vertical velocity difference
Vy, @across the inner wake sheet between sections AB and AD must be, to

the same order of eapproximation, at least as great as V.

Another equetion relating the thrust T and the wake core velocity

V. can be obtained from a consideration of the momentum exchange. Since

4
linear momentum is preserved in the turbulent mixing process and the
fluid recirculates, the rotor thrust can be no less than the rate of

transport of axial momentum across section AB where the velocity is Vw

and the total head 1is above the free-stream value. Iet v be the mean
axial component of induced velocity at the rotor. Then the mean result-
ant axial velocity at the rotor is v - V and the mass flow M' through
the rotor is

M' = pnRA(v - V) (5)
Thus the rate of change of axial momentum is
2
T = prR(v - V)V, (6)

Substituting the value of 7V, from equation (2) in equation (6)
and solving for the thrust, using the positive sign on the radical
since the thrust does not vanish for hovering, give

T = p:ng(v - V)J:(v -V) + \[(V - V)2 - VQJ (7)
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Solving equation (7) for the induced velocity v gives

v = (8

where i T T —

T
v =
o]
2onR>
or in nondimensional form ==
T = ‘x‘ry‘ + L o (9)
o] o) ) l(EL>2'
4\Vqo

It follows from equation (4) that the flight range for which equa-
tions (7), (8), and (9) are useful is

oSLs E ()
o]

Values of the nondimensional induced velocity v/vo and the non-

dimensional rate of descent V/vO are given in table II and shown in

figure 5 glong with the experimental curve for the values obtained in __

reference 1 for a model rotor with 12° blade twist and thus nearly
uniform loading over the outer blade sections.

It is to be noted that for the rotor with uniform disk loading
the relstion

v _ 21 v (11)
TV i

g

Aol L‘
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(where P; 1is the induced power required) holds so that figure 5 also
gives the induced power ratios as indicated.

Triangular Distribution of Disk Loading Along Rotor Radius

The problem of finding the radial distribution of load, induced
velocity, and thus the induced power required for a rotor with given
blade geometry operating at a given rate of power-on descent by the. method
to be derived in the subsequent section Involves the solution of a fourth-
degree equation for the tangent of the inflow angle at the blade elements.
Consequently the analysis of the present section will be restricted to a
solution for the induced power required for a rotor with a given trian-
gular distribution of disk loading along the rotor radius. This load
distribution corresponds closely to that of a lifting rotor having blades
with zero or small twist and it thus appears that, whereas the case of
uniform loading is purely hypothetical, the case of triangular loading
may be of considersble interest for purposes of performance estimation.

Iet

2

v = k(i>x (12)
7R

be the local disk loading at nondimensional radius x. Then

1
T = onk[-L\R? f %23x (13)
RE 0

Integrating, solving the result for the constant Xk, and substituting
the value of k in eguation (12) give

w o= %(—2§>x (1k4)
nR
Define
Vo = \/z5 (15)
in analogy with the value Vg = I for the hypothetical case of
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uniform loading. Then assuming that there is no turbulent mixing in the

primary wake core or, what amounts to the same thing, applying the
working hypothesis of the "independence of blade elements" over the
outer rotor annuli for which equation (9) applies gives

' L | (16)

where Vi is the local aexial component of induced velocity at radius
r for the radii for which

A

V2 (17)

o

Substituting the values of w and V, from equations (14) and

(15) in equation (17) it is found that equation (16) is applicable for
the nondimensional radii

%(.Y.) <xS2 (18)

The nondimensional induced power (Pi)lfTvo required for the

outer rotor aennulus for which equation (18) holds is thus

P 2
ik _ o WV, x dx (19)
o o J1/V Y '-
3\Vo
oY e .
(By)y ' Tk e
=3 T x“ax (20)
vy 1/v\2 |7 2
) | e @)
5 o) VO
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Integrating equation (20) gives

(Pi)l=(V)_ 133 (V_)7 +

T  \Vo) L,890\Vg
6 - (%)2"1,080 - 216(%’-5)2 + 192(%)1L + h(v—‘g)é} (21)
2,520

It follows from setting x = 1 in equation (18) that the range of
vertical descent for which equation (21) spplies over some cuter annulus
of the rotor is

0

A

=<3 (22)

Vo

For the flight range specified by equation (22) the total pressure

2

Just beneath the rotor and inboard of nondimensional radius x = %(%L)
o]
is less than the static pressure in the turbulent mixing region at the
lower end of the wake core. If the effects of turbulent mixing are neg-
lected within the wake core, as was implied by the use of the independ-
ence of blade elements in deriving equation (21), this inner circle, for
2

which 0SS x < %(%L) s constitutes a closed reglion as far as energy

o .

transfer from the rotor to the fluid is concerned. This is true because
the fluild passing through these inner annuli would not have sufficient
energy to penetrate the adverse pressure gradient sbove the turbulent
mixing region; thus the total rotor torgque due to lift for the sections

of blades within the clrcle must be assumed to be zero. Using the hypoth-
esis that the power input to the inner circle of the rotor for which

2

0<x< %(vl) is negligible, 1t follows that the induced power (P;),
o]

for this region is equal to the product of the thrust over the region

and the rate of descent. Thus :
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wr dr (23)

Substituting the value of the disk loading w from equetion (14) and
dividing both sides by Tvo give the nondimensionsl induced power )

increment — o -~ ==

: -;(y_>2 . =

P 3\v
1)2 . 5(Y o/ Pay - L[V

ey " 5(vo)/o o= 2l =

The nondimensional induced power for the rotor with triangular

loading operating in the power-on vertilcal-descent range is the sum of_ B
the parts given by equations (21) and (24). The computed values are Lol
given in table III. Figure 6 shows the comparison of the.computed valuyes
with the experimental values given in reference 1 for a 6-foot-diameter
constant-chord rotor with untwisted blades. The values obtained on a
full-scale flight test of a rotor with untwlgted blades as given in
reference 3 are also shown. The flight-test results include the effects
of fuselsge drag which tend to mske these experimental values too large

et low descent velocities and probably too small at large descent .
velocities. The theoretical results of the present investigation _ R
are seen to be in satisfactory agreement with the experimental results. T

NIy

Ioading Over Outer Blade Elements of a Rotor
With Arbitrary Blade Geometry
From two-dimensionsl airfoil theory it follows that, for small

inflow angles, the thrust dT on a rotor ammulus of raedius . r and
width dr 1is —

Vy =V
_1 2lg . (A —
ar = Epabc(nr) 0 < = ) dr (25)
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where

a slope of blade-element 1ift curve
b number of blades in rotor

c local blade chord at radius r

Q angular velocity of rotor

e local blade angle at radius rr

Writing equation (7) in differential form for the annulus,

=

ar = 2onr(vy - v)[(v_,L - V) + \/(vi -v)? - VZJdr (26)

for V, 2 ov.

Equating the right sides of equations (25) and (26) gives the
following equation:

e ()] () )

Equation (27) may be solved graphically or otherwise for the radial
distribution of the induced velocity \A and the inflow engle for the

applicable radii for which Vj 2 2V. The thrust loading mey then be

ccrputed from equation (25) and the torque loasding dQ on the rotor
annulus of width dr from the usuel blade-element equation

(27)

V. -V
= i 1 2.3
aq = dT( — > + (prcﬂ rcy )dr (28)

where Cy is the profile drag coefficlent for the blade element at
(o)
radius r and 1lift coefficient
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v, -V ‘
CZ = a{e - <-———1Qr ) (29)

The simplest consistent assumption for the distribution of the
inflow angle over the inner radii for which V; < 2V in equation (28)

is that Vi =V for this inboard region. However, such a zero value

for the inflow angle really constitutes a welghted average for the induced

torque rather than an actual distribution. Consequently, if this assump-
tion is made, it would be necessary to assume also a reasonable blade-

thrust distribution such as a parsbolic variation from the calculated

2 .
value at the limitlng radius x =~%<¥—) to a zero value at the hub.
o]
It esppears that the above sapproximation should be adequate for small
rates of vertical. descent where the limiting radius is small and the
thrust in question is an immaterial part of the total.

CONCLUDING REMARKS

The present anslysis appears to yleld results for .the variation
of induced power with rate of-vertical power-on descent for a lifting
rotor which are in satisfactory agreement with the available experi-
mental data. It may thus be useful in performence estimation and in
furnishing some insight into the mechanics of the vortex ring or recir-
culatory flows that occur in these flight conditions.

As there are no experimental blade-load or direct induced-velocity
measurements available for comparison, some judgment should be exer-
cised in the application of the theoretical blade-load equations given

in the paper.

It might be pointed out that the present analysis gives no steady-
state solution for the (hypothetical) rotor with uniform disk loading
operating in the power-on descent range where the ratio of the free-
stream velocity to the induced velocity in hovering is greater than the
square root of 2. In the case of any actual 1ifting rotor the disk
loading will go to zero at the hub and the radial distribution of disk
loading will be dependent upon the rate of descent. Consequently, it
might be expected that the range of stable operation for any actual
rotor will be larger than that for the hypothetical case of uniform

loading.

ili.i :

|
T
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The question arises as to why an analysis of the present type
should predict the idesl autorotation point or rate of descent at which
the induced power required is equal to the rate of decrease of potential
energy and the resultant mean normal component of veloeity at the rotor
is consequently zero. One explanation of this question might be as
follows.

The idealized flow pattern or perfect-fluid flow patterns for a
lifting rotor operating at the ideal autorotation point would have to
be of the Kirchhoff or free-streamline type where the whole of the
weke above -the rotor and extending downstream to infinity constitutes
a closed energy region. In the corresponding viscous-fluid flow pattern
a closed energy region bounded by the turbulent mixing zone would also
exist within which the flow could be considered to be of perfect-fluid
type. However, in this case it would be a closed region bounded by the
upper surface of the rotor and some surface of revolution extending =
limited distance downstream.

The present ansalysis hypothecates the existence of such a closed
energy reglon enveloping the inboard blade elements at some small rate
of vertical descent and increasing in diameter with rate of descent
until, at the ideal autorotation point, it includes the full rotor radius.
The growth in diameter of the closed energy region with rate of descent
would necessarily be determined by the external flow and consequently
the ideal autorotation point would occur when the downflow through the
outer rotor amnulus vanishes. The prediction of the rate of descent
at which the downflow through the outer blade elements disappears thus
glves the rate of descent at the ideal autorotation point.

Georgla Institute of Technology,
Atlanta, Ga., March 22, 1957.
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TABIE I
RESULTS OF STATIC MEASUREMENTS

(&) Run 1: Fan 5 diameters from free-jet exit; free-jet velocity,
17.5 feet per second; survey along & line O0.5R from axis.

D D P - PO
Z o Z Lay2

D Lov2 D i

2

. (a)
0.96 0.83 O.42 0.25
- 1.17 1.00 .58 .33
1.33 .92 .75 67

1.50 .83 .83 .75

1.67 .75 .92 .83
2.50 .25 1.00 .92
3,33 .08 1.08 1.00
1.17 1.00
1.33 .92

(b) Run 2: Fan U4 diameters from free-jet exit; free-jet velocity,
16.5 feet per second; survey along a line 0.6R from axis.

z P -5 z ——
D -%pV D EDV
(a)

0.58 0.60 0.25 0.60

.83 .82 46 .64
1.33 97 1.00 .97
1.83 .67 1.50 75
2.33 A4 2.00 45
2.83% 25
3,33 .12

8Static pressure for pitot facing fan.
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T-ABI.E I [ concluded o= - -
RESULTS OF STATIC MEASUREMENTS

(c) Run 3: Fan 5 diameters from free-jet exit; free-jet veloecity,
14.2 feet per second; survey along & line at 0.33R from axis.

“ ) P - P,
z, P - Pq 4 -
D 1.2 D 5V
=pV
2 (a)
1.13 0.75 0.58 0
1.25 .75 .83 0
1.33 87 1.08 .25
1.k 1.00 1.17 37
1.50 1.00 1.25 .75
1.67 1.00 1.33 .87
2.00 .75 1.k2 .87
2.50 .50 1.50 .75
3.33 .12 “

8static pressure for pitot facing fen.

VALUES OF NONDIMENSIONAL INDUCED VELOCITY AND NONDIMENSIONAL RATE OF

TABLE IT

DESCENT FOR IDEALIZED ROTOR WITH UNIFORM IOADING

<3
—
<
(o]

H e o
FD O @ONED

1
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TABLE III

THEORETICAL VALUES OF NONDIMENSIONAL INDUCED POWER RATIO Py /TV'O AND
NONDIMENSIONAL RATE OF DESCENT V/v0 FOR ROTOR WITH TRTIANGULAR

DISTRIBUTION OF DISK IOADING ALONG RADIUS

/A By [TV,
0 ‘ 1.0k9
.2 1.238
A 1.k07
.6 1.568
.8 1.737
1.0 1.907
1.2 2.079
1.k 2.185
1.6 2.069
1.65 1.974
1.70 1.841
V3 V3
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— 1 1 1T T 1 71 1°
T SMPLE MOMENTUM OR ELEMENTARY VORTEX THEORY
! .. VALUES FROM DATA ON6FOOT !
IRk " CONSTANT-CHORD, UNTWISTED BLADES ~
T
{
{
l Z\\
HE -~ ELIGHT-TEST VALUES
I 4
¢ X
) ,’
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£ o
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/4 I
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4' \ \'n v°
ol L
~
'S ~
\\‘ W'\
~ S
<. a q
%~ \ \\
L N N
\\“\\:\\
>
2.0 1.6 1.2 .8 4 0
V/v

©

Figure 1.- Comparison of values of nondimensional induced power for .__
power-on vertical descent given by simple momentum theory or elemen-
tary vortex theory with experimental values. . -
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Figure 2.~ Sketch of idealized hovering air-flow pattern. AA', minimum
weke radius; AB, outer boundary of region of no mixing; AC, outer
boundary of mixing region; AD, line of constant axial velocity in
mixing region.
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—_— ———

Figure 3.- Sketch of idealized air-flow pattern at small rate of verti-
cal descent for rotor with uniform loading. AA', minimum wake
radius; AD, line of zero axial veloclty; DE, outer boundary of
mixing reglon; AB, outer boundary of reglon of no mixing; DF, stresm-
line dividing récirculatory and downstream flow; F, point in region
of very low veloclty and nearly static pressure, YY, horizontal

plane through rotor weke. : C e
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1.0 ~
s o Pitot facing free Jet
® Pitot facing fan
b -
P -Po
1,2
AR
2 -
o
0 [ | | |

Z/D

(2) Run 1: V = 17.5 feet per second; traverse at 0.50R.

1.0 ~

PPy

0 L i ] ]

0 1 2 3 4
Z/D

(b) Run 2: V = 16.5 feet per second; traverse at 0.60R.

1.0 o

PPy

12 L
ol

(c) Run 3: V= 14.2 feet per second; traverse at 0.33R.

Figure 4.~ Variation of static pressure through turbulent mixing region.
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2.8

2.4 N\
\ THEORETICAL VALUES
\ FROM EQUATION (9)

.\ \\\
2.0

AN \
EXPERIMENTAL VALUES | \ '\
FROM REF. 1 | N\

\\
VA% 1.6 ,Q
P/ Tv, \

7

N\
1.2 \
8
4
0
1.6 1.2 8 4 0

Vv,
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